We examined the dissolution of Pu, U, and Am in contaminated soil from the Nevada Test Site (NTS) due to indigenous microbial activity. Scanning transmission x-ray microscopy (STXM) analysis of the soil showed that Pu was present in its polymeric form and associated with Fe-and Mn-oxides and aluminosilicates. Uranium analysis by x-ray diffraction (m-XRD) revealed discrete U-containing mineral phases, viz., schoepite, sharpite, and liebigite; synchrotron x-ray fluorescence (m-XRF) mapping showed its association with Fe-and Ca-phases; and m-x-ray absorption near edge structure (m-XANES) confirmed U(IV) and U(VI) oxidation states. Addition of citric acid or glucose to the soil and incubated under aerobic or anaerobic conditions enhanced indigenous microbial activity and the dissolution of Pu. Detectable amount of Am and no U was observed in solution. In the citric acid-amended sample, Pu concentration increased with time and decreased to below detection levels when the citric acid was completely consumed. In contrast, with glucose amendment, Pu remained in solution. Pu speciation studies suggest that it exists in mixed oxidation states (III/IV) in a polymeric form as colloids. Although Pu(IV) is the most prevalent and generally considered to be more stable chemical form in the environment, our findings suggest that under the appropriate conditions, microbial activity could affect its solubility and long-term stability in contaminated environments.
Introduction
The presence of low levels of plutonium (Pu) in contaminated soils and at remediated sites is a major concern because of its potential for dissolution and mobilization in the environment. Primary worries center on plutonium's toxicity, and the relatively long half-lives of its isotopes (87.7e8.0 Â 10 8 y). Nuclear weapons testing at the Nevada Test Site (NTS) during the 1950s and early 1960s have resulted in the contamination of large area of soil with plutonium and other radionuclides at levels in excess of 40 rCi per gram. The bulk of the activity typically resides within the top few centimeters of the soil; the primary radionuclides of concern are plutonium, uranium, and americium, with lesser amounts of cesium, strontium, and europium (Walker and Liebendorfer, 1998) . Studies of the soils at the NTS's Area 11 demonstrated that more than 75% of the total radionuclides are dispersed as particles in the 40-micron soil fractions (Papelis et al., 1996) , and/or are partially attached to clay particles. The plutonium particles are relatively immobile and expected to remain so until disturbed. Although Pu is considered stable in soil, its transport, albeit at very low concentrations, was observed at several Department of Energy's sites, and at the Mayak Production Association, Urals, Russia (Kersting, 2013) . Thus, Pu was present in colloidal form at Los Alamos National Laboratory's (LANL) waste site (Penrose et al., 1990) ; similarly, at Maxey Flats, a former low-level radioactive waste site, Pu occurred as colloids, as well as soluble tetravalent species complexed with organic ligands (Cleveland, and Rees, 1981) . At Mayak, it was bound to iron-oxide colloids (Noviko et al., 2006) . The predominant form of Pu in the soil at Rocky Flats, CO, was PuO 2 (s) , while, in surface waters, it existed as colloids associated with organic macromolecules (Santschi et al., 2002; Xu et al., 2008) . At three other disposal sites, Pu formed similar associations: at the Hanford site, Pu (III/IV) was associated with colloids in the groundwater at the 100 K-Area (Dai et al., 2005) ; at the Savannah River Site, it was detected in combination with colloids in groundwater samples near the disposal basins in F-Area (Buesseler et al., 2009) ; and, at the NTS Pu was complexed with mineral colloids (Kersting et al., 1999) . Studies at NTS show that the U and the fission products Sr and Cs also are associated with colloids (Utsunomiya et al., 2009 ).
Microorganisms were detected in low-level radioactive-and TRU-wastes, in Pu-contaminated soils, and in waste-repository sites under consideration for nuclear-waste disposal (Au and Leavitt, 1982; Barnhart et al., 1980; Johnson et al., 1974; Francis, 1990 Francis, , 2001 Francis, , 2007 . Microbiological studies at the NTS showed the presence of bacteria and fungi in Area 13 soils (Au and Leavitt, 1982) , and bacteria in the subsurface environments at the Rainier Mesa, in oxygenated volcanic tuff, and in groundwater (Amy et al., 1992; Haldeman, and Amy, 1993; Horn et al., 2004) . Microbes may affect the solubility and mobility of Pu (Francis, 2001; Neu et al., 2002 Neu et al., , 2005 Boukhalfa et al., 2007; Francis et al., 2007 Francis et al., , 2008 Renshaw et al., 2009) .
Several studies have shown that bacteria and fungi play a major role in the dissolution of PuO 2, amorphous forms of Pu(IV)OH, and other chemical forms. Some bacteria and fungi grown in the presence of Pu produced extracellular Pu complexes that increased the concentration of Pu in soil-column eluates compared to controls. Elution through soil effectively removed positively charged Pu complexes (Wildung et al., 1987) . The increased mobility of Pu in the soil resulted from the formation of neutral and negatively charged Pu complexes. In the presence of known microbial metabolites and the synthetic ligands DTPA, EDTA, and EDDHA, Pu(VI) was reduced to Pu(IV) before complexation, suggesting that the latter valence state would be the dominant one associated with organic complexes in soils (Wildung, and Garland, 1980) . Studies show that biologically produced ligands mediate Pu transport, such as cutin-derived soil degradation products containing siderophorelike moieties (Xu et al., 2008) .
Although a wide variety of microorganisms were detected at the Pu contaminated sites, very little is known of the effects of microbial activity on the stability and mobility of the actinides in soils and wastes. An increase in moisture content and the availability of metabolizable organic carbon in contaminated soils in arid and semi-arid regions could increase microbial activity. In this study, we investigated the potential effects of indigenous microbial activity on the dissolution of actinides in NTS soil amended with citrate or glucose as carbon sources and incubated under aerobic and anaerobic conditions. Citrate is a naturally-occurring organic compound capable forming stable complexes with actinides and metals. Citrate is readily metabolized soil microorganisms. Glucose an intermediate of cellulose degradation product is metabolized by microorganisms; and under anaerobic and water logged conditions results in the accumulation of low molecular weight organic metabolic products such as acids and alcohols.
Materials and methods

Soil sample
About 100 g of plutonium-contaminated soil (HP-11) was obtained from Area 11 of the Double Track test shot area at the NTS. Soils at the NTS region are classified as medium-to fine-grained sands (Turner et al., 2003) . The predominant vegetation in the area is the shrub species of basin big sagebrush and black sagebrush (Nevada Test Site Annual Site Environmental Report-2002 , DOE/ NV/11718-842, 2003 . One gram of the soil was transferred to each of three platinum crucibles, was digested with concentrated nitric acid and analyzed for the metals Al, Ba, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, Pb, Sr, and Zn by inductively coupled plasma-optical emission spectrometer (ICP-OES).
Actinide analysis
The total activity in "as received" soil was 50 nCi/g. One gram of the soil was digested in a mixture of hydrochloric/nitric acid. The U-233/234, U-235/236, U-238, Am-241, Pu-238, Pu-239/240 and Pu-241 were separated by anion-exchange column chromatography, followed by liquid scintillation counting (LSC) (EML Procedures Manual, HASL-300, 28th Edition, Volumes I and II. 1970).
Mineralogical analysis
The major mineralogical constituents of the soil are clay, quartz, magnetite, titanomagnetite, and limestone (Hoeffner et al., 2005) . The fine fraction consisted of clay, quartz, and feldspar.
The minerals present in the soil were determined by x-ray diffraction (XRD) using beam line X7A at the National Synchrotron Light Source (NSLS). The soil was placed on an Al sample holder, and sealed with Kapton tape. The beamline's energy was 0.69850 Å, and a 2q scan was obtained from 5 to 68 with a scan rate of 0.02 per second.
The mineralogical association of actinides in the soil was determined using a modified sequential selective-extraction method (Tessier et al., 1985) . Briefly, the soil was extracted with (i) 1 M MgCl 2 and 0.05 M citric acid (pH 7) for 1 h (exchangeable fraction), (ii) an acetate buffer prepared by adjusting a 1 M NH 4 -acetate solution to pH 5 with acetic acid, adding 0.05 M citric acid, and then agitating the mix for 5 h (association with carbonate), and, (iii) 25% acetic acid with NH 2 OH$HCl for 6 h (association with Fe-, Mn-oxides). Citric acid was added to the extractant to prevent/ minimize actinide precipitation from solution; it had a minimal effect on the extraction of actinides at this pH. The samples were then filtered through a 0.45 mm filter before analysis.
Elemental mapping and actinide association
Approximately 0.5 g soil was placed in an Al sample holder, and sealed with Kapton tape and analyzed by x-ray absorption near edge spectroscopy (m-XANES), and m-x-ray diffraction (m-XRD) at the NSLS's X26A beam line to determine the oxidation state and the mineralogical association of the actinides in the soil. Synchrotron mx-ray fluorescence (SXRF) analysis was performed to map the elemental distribution and for determining the association of actinides with the selected elements Ca, Cr, Cu, Fe, Mn, Sr, U, and Zn. The Pu-containing particles in the soil was analyzed Synchrotron scanning transmission x-ray microscopy (STXM) at beam line MES 11.0.2 at the Advanced Light Source (ALS).
Extraction of actinides
To compare the leachability of actinides, the alpha-and betaemitting isotopes were extracted from the soil by water, citric acid, and nitric acid, as follows. Duplicate one gram samples of soil were transferred to 20 ml serum bottles and ten milliliters of the following solutions added: (i) deionized water, (ii) 0.1 M citric acid, or, (iii) 1 M nitric acid. The soil samples were agitated on a rotary shaker for three hours. An aliquot was removed for analysis of a and b activities in the unsettled suspension, in the settled supernatant and filtered supernatant. The sample was allowed to settle for 1 h and the supernatant was filtered through a 0.45 mm filter (Millipore, MA). The a and b activities determined by liquid scintillation counting (LSC) using a Wallac Guardian 1414 digital spectrum analyzer.
2.6. Effect of adding citric acid or glucose on microbial activity and the dissolution of actinides from the soil To 150 ml Erlenmeyer flasks 40 ml of one of the following solutions (wt. %) were added: (i) deionized water (unamended), (ii) deionized water containing glucose (0.5%) and NH 4 NO 3 (0.015%), or, (iii) deionized water containing citrate (0.5%) and NH 4 NO 3 (0.015%). The pH of the solutions were adjusted to 7, the flasks were fitted with cotton plugs and sterilized by autoclaving. One gram of the soil was transferred to each of the flasks and the samples in triplicate were incubated aerobically at 26 ± 1 C in the dark, on a shaker rotating at 125 rpm. We incubated a second identical set of samples for each treatment, and did not sample them until the end of the experiment for Pu speciation determination.
The anaerobic samples were prepared by transferring 40 ml of the following treatments (wt. %): (i) deionized water (unamended), (ii) deionized water containing glucose (0.5%) and NH 4 NO 3 (0.015%), and (iii) deionized water containing citrate (0.5%) and NH 4 NO 3 (0.015%) into acid-washed and autoclaved 125 ml serum bottles. The solutions prior to addition were adjusted to pH 7 and prereduced by boiling while bubbling nitrogen gas through them. One gram of the soil was added to the serum bottles containing the various treatments and were then fitted with butyl rubber stoppers and crimp sealed with aluminum caps. All manipulations were performed inside an anaerobic glove bag filled with nitrogen. The soil samples were incubated in the dark, on a rotary shaker at 125 rpm and 26 ± 1 C. An identical set of samples from each treatment was incubated but not sampled until the end of the experiment, to determine Pu speciation.
Chemical analysis
Periodically, a 3.0 ml aliquot was withdrawn, the pH was determined, the sample filtered through a 0.45 mm Millex (Millipore, MA) filter, and the total radioactivity in a 1.0 ml aliquot was determined by LSC. Glucose and citrate consumption and the presence of metabolic products were analyzed by HPLC (Shimadzu, LC-10AS) using a refractive index detector to measure glucose and alcohol production, and a UV-vis detector at 210 nm for organic acids. The organic components were separated using an Aminex HPX-87H ion-exclusion column (Bio-Rad, MA) with 0.003 N H 2 SO 4 as the mobile phase. The solubilization of the alpha-emitting isotopes U-233/234, U-235/236, U-238, Am-241, Pu-238, Pu-239/240, and the beta-emitter Pu-241 were determined by alpha spectroscopy and LSC as described previously.
At the end of the experiment, the pressure in the head space of the undisturbed anaerobic samples was determined with a digital pressure transducer, and the pH and Eh were measured, respectively, with a Beckman F350 pH meter with a Beckman 511275-AB combination pH electrode, and with a combination redox electrode (967800, Orion Research, MA). Total and ferrous iron were determined by the o-phenanthroline method.
Pu speciation studies
Size fractionation of Pu on all samples was performed after sequential filtration through 0.4, 0.2, 0.03, 0.01, and 0.001 mm Poretics (CA) polycarbonate filters into a weighed LSC vial using an Amicon (MA) ultrafiltration cell.
The sequential solvent-extraction technique was used to determine the oxidation states of Pu in the sample (Nitsche et al., 1988) . The samples were filtered through a 0.45 mm Millex filter, and a 0.5 ml aliquot dispensed into a 4 ml silanized glass vial (Sigma-Aldrich, MO) inside a glove bag. To this sample, we added 1.0 ml thenoyltrifluoroacetone (TTA) equilibrated with 1 M HCl, and then extracted the sample for 5 min on a vortex mixer. The organic and aqueous extracts were separated, and each then analyzed for Pu by LSC after adding 8 ml of the LSC cocktail. We repeated the extraction on a separate aliquot of the sample in acetate buffer at pH 4.
Results
Elemental and actinide analyses
Soil analysis revealed the following major elements (mg/kg soil ± 1 SEM): Al (3890 ± 100), Ca (12,700 ± 100), Fe (6500 ± 1800), Mg (223 ± 12), Mn (223 ± 23), and Sr (133 ± 4), and others Ba (89.5 ± 1.0), Cd (0.2 ± 0.1), Co (2.8 ± 0.2), Cr (3.4 ± 0.8), Cu (4.2 ± 0.5), Ni (<0.1), Pb (7.0 ± 0.6), and Zn (22.1 ± 0.9). The major elements Ca and Fe reflect the predominant mineral phases of the soil which have a high affinity for actinides and regulate their mobility. Table 1 shows the alpha activity and the concentration in the soil. The individual alpha-emitting isotopes (% total activity): Pu-239/ 240 (92%), Pu-238 (0.6%), and Am-241 (5%). The total alpha activity in the soil was <75 nCi/g. Gamma spectroscopy of the bulk soil showed the predominant activity was due to the presence of Am-241 (742 nCi/g), Pu-239 (455 pCi/g), and Pu-241 (1.7 nCi/g). Uranium was not detected due to the low specific activity of its isotopes.
Mineralogical analysis and association of a -activity
Mineralogical analysis of the soil by XRD showed calcite, perclase (MgO), dolomite, magnetite and silicates (quartz, faujasite, labradorite) (ICDD, 2005) .
Selective extraction of the soil showed a minimal level of a activity (0.03%) associated with the exchangeable fraction; about 1% with the carbonate fraction, and 11% with the Fe-, Mn-oxide fraction. The bulk of the activity (~88%) was associated with the residual fraction (Fig.1). 
Mineralogical association of uranium
The m-XRD analysis of separate uranium-containing regions of (Fig. 2) . The Ca-containing phases exhibit the closet correlation and no other elements were correlated with U. The normalized m-XANES spectra at the U L III absorption edge for the soil sample at the X-26A beam line (NSLS) showed the uranium absorption edge at 17,169 eV, lying between that of tetravalent uranium (17,166 eV) and hexavalent uranium (17,171 eV) (Fig. 3) . This indicates that U is in a mixed-valence form, most probably as uranium dioxide and U(VI) compounds.
Mineralogical association of plutonium
Fig . 4A illustrates the synchrotron scanning transmission X-ray microscopy (m-STXM) of the soil particles. The boxed region consisted of Fe-and Mn-oxides and aluminosilicates. Plutonium was observed in this region (Fig. 4B) , and was localized to a small area of the sample (500 nm). 
Extraction of actinides
The total alpha and beta activity of radionuclides extracted from the soil by water, citric acid, and nitric acid is shown in Table 2 . The unfiltered suspension showed the highest amount of activity in all three treatments with alpha activity (63e98%) being the largest component. The unfiltered supernate following settling showed a marked decrease in both alpha (70e80%) and beta (>98%) activity compared to the suspension. The activity of the supernatant after 0.45 mm filtration showed the least amount of activity in solution indicating that the bulk of the activity was associated with soil particulates larger than 0.45 mm. The filtered nitric acid extract had the greatest level of alpha activity in the solution (10.8 kcpm/g), followed by citric acid (7.28 kcpm/g) and water (0.07 kcpm/g). Beta activity followed a similar pattern; the filtered nitric acid extract had the most activity (0.48 kcpm/g), then citric acid (0.36 kcpm/g), with the water having the lowest activity (0.04 kcpm cpm/g).
3.6. Effect of adding citric acid or glucose on microbial activity and dissolution of actinides from the soil Table 3 shows the changes in pH, Eh, total iron, and Fe(II) in both aerobic and anaerobic samples, and the changes in pressure in the latter after 36 days of incubation. In unamended samples incubated aerobically, the initial pH of the soil was~8.2 at the start of the experiment and it increased to 9.0; and in the anaerobic sample to pH 9.3. Eh, an indicator of the sample's redox potential, was oxidizing (>500) in both the aerobic and anaerobic unamended samples.
In the citrate amended samples incubated aerobically, the pH decreased from 9.0 to 7.7 and the Eh from 607 to 170 (Table 3) . There was a similar decrease in pH from 9.3 to 7.4 in the anaerobic samples and the Eh declined markedly to À306 due to the consumption of oxygen and the establishment of reducing conditions. Total iron and ferrous iron were <0.1 mM. No detectable ferrous iron in solution was observed in samples incubated under aerobic and anaerobic conditions. Gas production was not observed in the anaerobic citric acid amended samples.
In samples incubated aerobically with glucose the pH decreased from 9.0 to 5.2 and the Eh to 337 (Table 3 ). In the glucose amended anaerobic sample, the pH decreased to 4.8 and the Eh decreased to À210 ± 18, characteristic of highly reducing conditions. The head-space pressure rose to 7 psig due to gas production (CO 2 and H 2 ) from the metabolism of glucose. The total and the ferrous iron concentrations in solution increased in the anaerobic sample. This increase in total and ferrous iron reflect the reduction of ferric to ferrous form mostly by the Fereducing and/or fermentative bacteria as well as the lower pH of the solution. Fig. 5 depicts the metabolism of citric acid, changes in pH, and total radioactivity in the solution phase of soil incubated aerobically and anaerobically. In addition to these measurements, we determined the U, Pu, and Am activities, along with the concentrations of Ca, Fe, and Mn in the solution phase of samples incubated anaerobically.
Citric acid was metabolized completely in about 17 and 25 days, in the aerobic and anaerobic samples, respectively. Alpha and Beta activity in samples incubated under both conditions increased in solution up to 18 days, and decreased to below detection levels with time, concomitant with the complete metabolism of citric acid ( Fig. 5A and C) .
In aerobically incubated samples, the pH decreased slightly from 8.5 to 8.1; and the citric acid was completely metabolized to carbon dioxide and water with no accumulation of metabolic products (Fig. 5B) . However, under anaerobic conditions, the pH decreased to 7.8, and acetic acid was the major metabolic product with minor amounts (~0.2 mM) each of propionic acid and butyric acid were detected (Fig. 5D) .
The concentrations of Am, Pu, and U, and the metals Ca, Fe, and Mn in the aqueous phase are shown in Fig. 5E and F. Am-241, Pu-239/240, and Pu 241 increased in solution and precipitated out of solution. Pu-239/240 isotopes were the predominant ones with the highest activity in solution. The concentrations of Ca, and Fe increased during the initial days due to complexation reactions and precipitated from solution reflecting citric acid metabolism by the bacteria. Very little dissolution of Mn and U was observed (Fig. 5F ).
Glucose was metabolized completely in about 18 days in both aerobic and anaerobic samples ( Fig. 6A and C) . In the aerobic samples the total activity increased to~108 cpm/ml at 36 days and the predominant activity was alpha, which remained in solution. The pH decreased from 9.2 to 4.8 with the accumulation of acetic as the major product, followed by butyric and propionic acids (Fig. 6B ). In the anaerobic samples the total activity increased similar to aerobic samples with higher alpha activity (Fig. 6C) . A slight increase in beta activity was observed as with aerobic samples. The pH of the medium decreased to 5.5; acetic acid was the predominant metabolite, with small amounts of butyric acid (4.5 mM) and propionic acid (1.0 mM) (Fig. 6D) .
Pu-239/240 and Pu-241 were the predominant isotopes of Pu in solution followed by small amount of Am-241 were observed under anaerobic conditions. These actinides remained in solution throughout the incubation unlike the citric acid amended sample (Fig. 6E) . Uranium increased to~1.46 mM in solution and it remained almost constant (Fig. 6F) . The Ca and Fe concentrations increased to 7.0 mM and 1.29 mM, respectively, and the Mn 77.1 mM in 8 days.
Calcium levels started to decrease after 25 days, while a slight change in Mn and no change in Fe in solution were observed. XRD analysis of soil amended with glucose and incubated anaerobically showed fewer peaks compared to the "as received" soil indicating dissolution of some labile mineral phases (Fig. S2 ). Soil before bacterial activity contained calcite, periclase (MgO), dolomite, magnetite, and silicates (quartz, faujasite, labradorite). Calcite, dolomite, and magnetite phases underwent dissolution after anaerobic bacterial activity.
Pu speciation studies
Samples incubated under anaerobic conditions with glucose showed detectable activity in solution phase. Table 4 shows the effect of sequential filtration on alpha and beta activity. Plutonium activity is high in the unfiltered sample due to the presence of suspended particles containing predominantly Pu-239 (alpha activity) and Pu-241 (beta activity). Sequential filtration of the solution from 0.4 mm to 0.01 mm only marginally attenuated alpha activity (126e106 cpm/ml). However, filtration through the 0.001 mm filter reduced this activity by about 50%, indicating the particles were between 0.01 and 0.001 mm size. No significant difference was observed for beta activity due to its low activity level in solution. This result suggests the presence of a fine colloidal component that the 0.001 mm filter retained and soluble component that the Pu passed through the 0.001 mm filter.
We also determined the speciation of Pu by selective solvent extraction and micro-filtration techniques in glucose amended samples that was left undisturbed under anaerobic conditions for 40 days. A TTA extraction of selected 0.45 mm filtered samples showed no discernible difference in the oxidation state of Pu in either the aerobic or anaerobic glucose amended samples (Table S1 ). However, we observed a decrease in activity in the TTA extraction at pH 4. A brownish colloid was noted in this sample after extraction that might indicate the incomplete separation of the Pu.
Discussion
The radioactivity in the NTS soil was predominantly due to the presence of Pu-239/240 (92%), Am-241 (5%), and Pu-238 (0.6%) isotopes. Uranium was not detected due to the low specific activity of its isotopes; however, synchrotron-based m-XRF and m-XRD techniques showed its presence in the soil associated with the minerals schoepite and liebigite. Americium association and the speciation was not investigated however it is known to stick to particles and exist predominantly as Am(III) oxidation state in a stable form in the environment. Plutonium association was (III, IV, V, VI, VII) and their solution chemistry is very complex. Plutonium (IV) is the most predominant and stable species in contaminated environments. Plutonium has a high ionic charge, and tends to undergo hydrolysis, thereby forming polymers in systems with pH > 2. Its chemical speciation is affected by soil pH, organic-matter content, mineralogy, microbial activity, and redox conditions. The type of carbon source added to the soil affected the extent of solubilization of actinides. Citric acid is a naturally occurring multidentate ligand that forms stable complexes with actinides, and may involve the formation of bidentate-, tridentate-, binuclear-, or poly-nuclear species. For example, it forms 1:1 mononuclear, 1:2 mononuclear biligand, and 2:2 binuclear complexes with Pu(IV); the 1:2 mononuclear biligand complex predominated in the presence of excess citric acid (Francis et al., 2006) . The citric acid was rapidly metabolized by Pseudomonas fluorescens, common in soils, wastes, and water with generation of a Pu polymer (Francis et al., 2006) . Under aerobic and anaerobic conditions both alpha and beta activity in solution increased in citric-acid amended soils; as this organic acid was being metabolized a sudden decrease in both activities as well as Ca, Fe and Mn in solution corresponded to its complete utilization by the bacteria suggesting the precipitation of the actinides and the metals (Fig. 5 A, C, E and F). Previous studies on biodegradation of citric acid soil extracts containing metals have shown the precipitation of the metals Francis et al., 2005) . Although uranium is known to form strong complexes with citric acid (Rajan and Martell, 1965; Francis et al., 1992) , it was not detected in solution suggesting that the mineralogical form of uranium in the soil was not amenable to dissolution by the citric acid concentration used in this study.
Glucose an intermediate product of cellulose degradation is ubiquitous in nature. It is used as an energy source by a wide variety of aerobic and anaerobic microorganisms in soil. In glucose amended samples incubated under aerobic and anaerobic conditions, the metabolism of the carbon source resulted in a decrease in pH due to production of organic acids with an increase in alpha and beta activity in the solution. The predominant mechanism for alpha and beta release into solution is due to direct enzymatic reduction of metals from higher to lower oxidation state and by indirect action due to the production of organic acid metabolites and lowering the pH of the medium. A substantial increase in Pu concentration and a slight increase in Am; but no U was detected in solution.
The increase in concentration of Pu in the solution phase is due to dissolution of the labile Pu chemical species as well as Pu associated with calcium carbonate, and Fe-, and Mn-oxide mineral phases by direct enzymatic reduction and by indirect the action due to organic acids and acidic pH of the medium brought about by the anaerobic bacterial action. An increase Ca in solution due to dissolution of calcium mineral phases by indirect action of the bacteria and an increase in Fe and Mn in solution due to reductive dissolution of Fe-and Mn-oxides by direct enzymatic action of anaerobic bacteria with the concurrent release of their associated actinides is evident (Fig. 6 E and F) . XRD analysis of soil amended with glucose and incubated under anaerobic conditions disclosed dissolution of calcite, dolomite, and magnetite phases due to bacterial activity (Fig. S2) . Several studies have shown that axenic cultures of bacteria and fungi solubilize PuO 2 , amorphous Pu(IV)OH and other chemical forms of Pu. Under anaerobic conditions reductive dissolution of amorphous Pu(IV) to Pu(III) by anaerobic bacteria has been reported (Rusin et al., 1994; Neu et al., 2005; Boukhalfa et al., 2007; Ohnuki et al., 2007; Francis et al., 2008) . The speciation of Pu at different contaminated sites varies according to the site and the waste stream (Bondietti, and Tamura, 1980; Cleveland, and Rees, 1981; Penrose et al., 1990; Santschi et al., 2002; Dai et al., 2005; Noviko et al., 2006; Clark et al., 2006) . The presence of viable microbial populations in surficial and subsurface environments contaminated with radionuclides clearly suggests that, under appropriate conditions, microbial activity potentially can affect the chemical form and solubility of Pu and other radionuclides in several ways. These include the oxidationereduction reactions that affect their valence state and solubility; changes in pH that affect the ionic state and their solubility; dissolution, and leaching by microbial metabolites and decomposition products, such as organic acid metabolites or the production of specific sequestering agents such as siderophores (Brainard et al., 1992) ; the remobilization of coprecipitated Pu. Microbes may contribute to generating and/or destabilizing Pu colloids and that microbial cells may act as colloidal particles and thus facilitate radionuclide transport .
Dissolution of Pu from contaminated soil by microbes is influenced by the availability and the type of carbon source, moisture, pH, and other environmental factors particularly in nutrient limiting arid or semi-arid environments. Clearly, information is needed on the seasonal variations such as wet and dry cycles that regulate microbial processes and Pu speciation and its interaction in complex soil system to fully understand its long-term fate and transport in the environment.
Conclusions
Plutonium was the predominant actinide solubilized by indigenous microbial activity in a contaminated soil amended with citric acid or glucose and incubated under aerobic or anaerobic conditions. Citric acid solubilized actinides and metals and soil mineral phases with the formation of actinide-and metal-citrate complexes. Biodegradation of citric acid increased solution pH with concomitant release of the actinides and metals resulting in their precipitation. Glucose metabolism by anaerobic bacteria produced low molecular weight organic acid metabolites and decreased solution pH causing dissolution of carbonate minerals and associated actinides; as well as reductive dissolution of Fe-and Mn-oxide phases and releasing those actinides associated with them. These results suggest that under appropriate environmental conditions microorganisms affect the dissolution of actinides from contaminated environments.
